The effect of modifying the properties of KNN-based ceramics with Bi 2 Ti 2 O 7 (BiT) been investigated in this work. The density measurements show that additions of BiT to the samples slightly increase the density values. Scanning electron microscope images of the samples indicate that the average sizes of the grains decrease with BiT addition while the volume of pores increase. X-ray diffraction results show that for (K 0.5 Na 0.5 )NbO 3 based samples, a transformation from orthorhombic to pseudo-cubic phase is observed. 
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Introduction
Lead Zirconate Titanate (PZT) based piezoelectric ceramics are the materials of choice in the manufacture of actuators and other electromechanical devices but increasing awareness of the hazards due to Pb 2+ and legislation has prompted the search for possible replacement materials [1] . Several lead-free piezoelectric ceramics compositions with promising properties compared to the PZT do exist and their piezoelectric properties are being engineered to compare with those from lead-based ceramics [2] [3] [4] [5] [6] .
(K x Na 1−x )NbO 3 (KNN)-based piezoelectric ceramics are among the leading lead-free piezoelectric ceramics which have the potential to replace PZT ceramics [7] [8] [9] [10] .
KNN in its pure form is difficult to synthesize and has low piezoelectric properties [11] [12] [13] . Other elements are therefore introduced in the form of dopants to improve its sinterability, piezoelectric and electromechanical properties. Ahn and Schulze, showed that the addition of small amounts of Ba to KNN leads to improvement in density although with little changes in the electrical properties [14] . Addition of between 2 and 3 mol% of (Bi 0.5 K 0.5 )TiO 3 to KNN has also been shown to result in a phase change from orthorhombic to tetragonal symmetry with increased piezoelectric and electromechanical properties [15] . The addition of (Bi 0.5 Na 0.5 )TiO 3 to KNN resulted in a similar result [16] . Addition of BiScO 3 to KNN showed that the phase present is orthorhombic when the dopant amount is <1.5 mol% and pseudo-cubic when it is >2 mol%. The resulting piezoelectric properties are better when compared to the undoped form [17] .
Lead-free piezoelectric ceramics are now being tested in potential applications such as ultrasonic transducers [18] , actuators [19] with excellent electroacoustic performances comparable to those of commercial PZT ceramics [18, 20] . There is need to screen as fast as possible new ceramic compositions which may have better properties while also limiting both raw material usage and the processing time involved. This is the driving force for the use of the high-throughput process in the synthesis of bulk ceramics [21] . High-throughput experimentation (HTE) uses miniaturization, robotics and parallel techniques to increase the productivity of the research process while the screening/analysis is the use of parallel assay to rapidly assess the activity of the samples produced through this process [22] . It has been employed for long in pharmaceutical research where several thousands if not millions of different compositions need to be tested in order to get the required drug [23] . It has recently been gradually used in other areas of materials research like polymer [24] , catalysts [25] and thin film ceramics [26] . Its application to the making of bulk ceramics [21, 26] has however been limited because of the difficulty to reproduce them since only small amounts of powders are normally used. Certain properties like piezoelectric charge coefficients are better characterized using ceramics in their bulk form and so our HTE method from dry powders has been adapted for bulk ceramics processing.
Reliability of the properties obtained from KNN based ceramics is also of great concern for instance their temperature stability [27] and bipolar fatigue behaviors [28] . These considerations need to be studied more possibly with HTE methods.
The objective of this work is to use high-throughput experimentation to study the effect of adding small amounts of Bi 2 Ti 2 O 7 on the microstructure, dielectric and piezoelectric properties of KNN ceramics. Bismuth titanate often expressed as A 2 O ·B 2 O 6 , is a pyrochlore which contains A-cations which have active lone pairs and exhibit disorder in the A 2 O network often [29] . It belongs to the Aurivillius family of compounds with a layered structure in which n perovskite-like (A n−1 B n O 3n+1 ) 2− blocks alternate with (Bi 2 O 2 ) 2+ layers. It is ferroelectric with Curie temperature (T C = 675 • C) and remnant polarization (P r = 50 C/cm 2 ) along the main polar crystallographic a-axis [30] . It is reported to also exhibit high permittivity and low leakage current [29] . Although BiT has a pyrochlore structure, its choice as a dopant in this study is based on the similarity in properties between the element bismuth and lead. The positive effect of PbTiO 3 on the piezoelectric properties in the well-studied Pb(Zr x Ti 1−x )O 3 system was also taken into consideration. O 7 powder was added to the KNN variants from 0 mol% to 0.5 mol% with 0.05 mol% steps. Milling of the powders was done in a HTE compatible planetary mill where 16 different compositions were milled at a time. A milling speed of 200 rpm for 3 h using ethanol as solvent and 3 mm diameter zirconia balls as grinding media was used. The solution was dried in vacuum to reduce the influence of moisture and later calcined in a tube furnace at 850 • C for 4 h. The milling process was repeated to homogenize the powders and reduce their average particle size. The powders were put in an in-house made silicone mold and shaped using a cold isostatic press at 300 MPa for 2 min to obtain pellets of approximately 8.0 mm diameter and 2.5 mm thickness. Sintering was carried out in air between 1080 • C and 1130 • C for 1 h. For 0 ≤ x ≤ 0.25, the sintering temperature was 1080 • C for KNN-BiT and KNNLST-BiT respectively, 1100 • C for KNNLT-BiT compositions. For 0.3 ≤ x ≤ 0.5, the temperature used was 1090 • C for KNN-BiT and KNNLST-BiT respectively and 1130 • C for KNNLT-BiT compositions.
Experimental procedure

Sample preparation
Sample characterization
The densities of the samples were determined using Archimedes method and the samples were ground and subsequently polished for characterization. The diameter and thickness of the samples after mechanical polishing are approx. 1.4 mm thickness by 7.4 mm diameter The crystal structure of the sintered samples were examined using an X-ray diffraction (XRD) (D8 Discover, Bruker AXS, Karlsruhe, Germany) with CuK ´ radiation ( = 1.54056 Å), Göbel mirror and General Analysis Diffraction Detection System (GADDS). Six separate measurements were made on selected locations on the surface of the sample between 20 • and 56 • to examine sample homogeneity. The samples were thermally etched at a temperature of 900 • C for 30 min at a heating and cooling rate of 3 • C/min and 10 • C/min respectively. Microstructural examination was done using a Scanning Electron Microscope (LEO 1530 FESEM, Gemini/Zeiss, Oberkochen, Germany) while the average grain size was determined using the Mean Intercept Length Method from at least 6 different lines on the SEM image. Silver paint acting as electrodes was applied on both surfaces of the samples for resistance, dielectric and piezoelectric property measurements. Polarization hysteresis measurements were carried out using the standard Sawyer-Tower circuit and a complete dipolar hysteresis measurement was performed in 200 s. Unipolar strain hysteresis measurements were performed on the sample to determine the high signal piezoelectric charge coefficient values for the samples. An external electric field of 2 kV/mm was applied on the samples for the hysteresis measurements
Results and discussion
When a material like Bi 2 Ti 2 O 7 or any other compound is used as a dopant, it is the individual elements present that influence the properties of the doped material. The estimation of the position of the individual dopant elements in the lattice of KNN ceramics is based in principle on the ionic radius, coordination number and valence states of the elements. Bismuth in its natural state is multivalent with +3 and +5 valence states, ionic radius of 1.03 Å and 0.76 Å respectively and a coordination number of 6. Based on the chemical composition, the +3 state is more likely to be present. Titanium is also multivalent with +2, +3 and +4 valence states and for a coordination number of 6; the ionic radius is 0.86 Å, 0.67 Å and 0.605 Å respectively. The +4 valence state is also believed to be present based on the composition.
The A-site of the perovskite lattice in KNN ceramics contains Na and K with +1 valence states. The coordination number of the Asite of the perovskite lattice is 12 and so the corresponding ionic radius is 1.39 Å and 1.64 Å. The B-site on the other hand has a coordination number of 6 and for Niobium which sits on this site; the coordination numbers are 0.68 Å and 0.64 Å for valence states of +4 and +5 respectively. Based on the coordination number alone, the elements in both dopants are expected to enter the B-site of the lattice but if the ionic radius is taken into consideration, Bi can also enter the A-site of the lattice. It is therefore difficult to describe exactly the influence of each dopant element on the properties of the KNN-based ceramics and so the contribution of the dopant as a whole has been adopted for this study.
Our previous study on the doping of KNNLS ceramics with Ti alone indicated lowering of the average grain size, dielectric constant, piezoelectric coefficients while the current density increases by many orders of magnitude [32] . Bismuth has been reported to increase the sintering temperature, average grain size, piezoelectric charge coefficient with ≤0.5 wt.% while the remnant polarization and coercive field are lowered. The sample is made porous with very little amounts of the dopant increasing the tendency to show signs of high leakage current during poling [33, 34] .
Density
The bulk density values for all the samples are shown in Fig. 1 . Due to the difficulty in sintering all the samples using different temperatures, the knowledge of the composition and amount of the elements that make up the ceramics was used to estimate sintering temperatures that are appropriate for a range of compositions. Based on this concept, four different sintering temperatures are used to obtain the best possible density values for the samples. The bulk density values for KNN compositions with BiT addition are ∼4.2 g/cm 3 . Compared to the bulk density values of samples with similar compositions produced using conventional methods, there is no significant difference in the reported values [11, 35] .
The increasing addition of up to 0.25 mol% BiT to KNNLT ceramics led to a gradual increase in the obtained density values from 4.34 ± 0.08 g/cm 3 to 4.6 ± 0.08 g/cm 3 . This increase shows how small amounts of the dopant with the appropriate sintering temperature can improve the density values. Attempts made to sinter some of the samples at temperatures above 1130 • C resulted in poorly sintered samples with high porosity and so the process was discontinued. For the KNNLST compositions, when up to 0.25 mol% BiT was added, the density values remain unchanged at 4.43 ± 0.06 g/cm 3 . With more than 0.25 mol% however, the density of the samples slightly increases to 4.5 ± 0.07 g/cm 3 at 0.35 mol% and gradually decreases with more dopant addition. This is similar to the density results that have been reported in the literature for samples with related compositions [36, 37] .
Phase determination
The X-ray diffraction patterns for all the samples are shown in Fig. 2 . The rule of thumb in the qualitative determination of the type of phase present in any material (especially for those with orthorhombic and tetragonal phases) is by using the pseudo-cubic 002 and 200 reflections. When the ratio between the two reflections is 2, the phase is accepted to be orthorhombic, when it is 0.5, it is tetragonal and when it is approximately equal to 1, the two phases are said to coexist with each other [38] . For KNN compositions (Fig. 2a) , the unmodified sample has an orthorhombic phase and this phase is present up to 0.3 mol% BiT addition. With doping amounts between 0.35 mol% and 0.5 mol%, the two-phase orthorhombic-tetragonal phase coexistence is observed. Similar results have been reported in the literature for KNN ceramics of like compositions obtained from conventional methods [39] . A previous report in the literature from conventional method for KNNLT ceramics indicates a two-phase coexistence for this composition [38] . In the KNNLT compositions shown in Fig. 2b , the unmodified sample appears to be more orthorhombic than tetragonal. The addition of BiT to the ceramics transforms the phase present to be more tetragonal than orthorhombic. This is an indication that the presence of BiT in the sample stabilizes the tetragonal phase. The diffraction patterns for the KNNLST compositions (Fig. 2c) show that in the unmodified sample, the phase present is more tetragonal than orthorhombic. The addition of BiT up to 0.5 mol% did not have a significant effect on the structure of the samples as the tetragonal phase is retained. A look at the density values of the KNNLST samples shows that there is no significant change in the values with doping.
Microstructural analysis
The scanning electron microscope images of the polished and thermally etched samples modified with 0 mol% and 0.5 mol% of BiT respectively are shown in Fig. 3 . In the unmodified KNN sample (Fig. 3a) , the grain size distribution is more or less unimodal with a few pores at the grain boundaries. The calculated average grain size of the micrograph is 2.6 ± 1.1 m. When 0.5 mol% of BiT (Fig. 3b) is added to KNN ceramics, interconnected pores which are mainly at the grain boundary region could be observed. The sizes of the grains are also smaller compared to those of the unmodified sample with an average size of 2.1 ± 0.7 m. A possible reason for the higher volume of pores could be that Bi segregates to the grain boundaries and because it has a high vapor pressure at elevated temperatures, vaporizes during sintering leaving pores where it once was. The density values of the 0 and 0.5 mol% BiT doped samples are similar because the higher porosity in the later is compensated by the smaller size of the grains.
For the KNNLT composition without BiT addition in Fig. 3c , a unimodal grain size distribution is observed with little or no pores at the grain boundaries. An average grain size of 2.8 ± 1.1 m is obtained. When 0.5 mol% of BiT is added (Fig. 3d) however, the average grain size decreases to 1.7 ± 0.6 m with few, isolated pores seen at the grain boundary. This decrease in the average size of the grains translates to a slightly higher density value for the 0.5 mol% doped sample.
The KNNLST composition without BiT modification is shown in Fig. 3e . There are few pores at the grain boundaries and the size distribution is arguably unimodal with a calculated average grain size of 2.9 ± 1.0 m. When 0.5 mol% of BiT is added to the sample (Fig. 3f) , few large grains surrounded by many small grains are obtained. When the size of the grains are calculated as though they are unimodal, the calculated average size is 1.7 ± 0.6 m In all the BiT-modified samples, their average grain sizes are smaller than in the unmodified samples and this implies that BiT is a grain growth inhibitor in KNN-based ceramics. A possible mechanism through which this occurs is by grain boundary pinning which inhibits the growth of the grains [8, 40] .
Dielectric properties
The dielectric constant and dielectric loss values for the samples measured at room temperature and at a frequency of 1 kHz are shown in Fig. 4a and b respectively. The addition of BiT to all the KNN-based ceramics resulted in an increase in the obtained permittivity values. The dielectric constant values of the KNN and KNNLT samples increase by 22% and 63% respectively after addition of 0.5 mol% BiT while that of KNNLST samples increase by 18% with the addition of 0.45% BiT. The increase in the density of KNNLT compositions with doping is believed to have contributed to the improved dielectric constant values. Of the three KNN-based ceramics, KNN compositions have the lowest dielectric constant values followed by KNNLT compositions and finally KNNLST compositions. It has been reported that with isovalent element substitutions in KNN ceramics, both the sinterability and properties of the ceramics is improved [2, 7, 41] . The contributions to dielectric polarization in this case are possibly by electron shift within the molecules, the rotating dipolar molecules and/or the changing of ion places in the lattice. The addition of BiT has a positive effect on the dielectric constant possibly because the main contribution to the dielectric constant in the sample at low frequency is from space charges [42, 43] . The high space charges may be due to oxygen ion vacancies existing in the layer structure as a result of the doping.
The dielectric loss of a material is a measure of the energy dissipation and for the KNN-based compositions; it generally decreases with increasing BiT amount. The dielectric loss values for all the samples are between 0.025 and 0.06 which is comparable to values obtained for similar compositions obtained through the conventional synthesis method [11, 12] . KNNLST compositions have the highest loss values followed by KNN compositions with KNNLT compositions having the least loss values. The grain sizes of all the samples generally decrease while the density either increases or remains constant with BiT addition and this could be why energy dissipation is lowered.
Resistivity
The resistivity values for the samples as a function of the amount of BiT added are shown in Fig. 5 . A trend is observed in the resistivity values for all the samples where they increase in the following order: from KNN compositions to KNNLT compositions and lastly to KNNLST compositions. The resistivity values for each composition remain virtually unchanged with the addition of BiT up to 0.25 mol%. The resistivity values for all the samples however increase with more than 0.25 mol% BiT. For KNN compositions, the increase is from ∼3*10 9 cm for doping below 0.25 mol% BiT to ∼10 10 cm for doping above 0.25 mol% BiT. For KNNLT and KNNLST compositions, the resistivity values increase by one order of magnitude from ∼10 10 cm for doping below 0.25 mol% BiT to ∼3*10 11 cm. The lower average grain sizes of the doped samples possibly due to their pinning action at the grain boundaries is believed to have led to a decrease in the mobility of the charge carriers. It is also possible that discontinuities in the samples resulted in some form of blocking at the electrode which trapped the charge carriers.
Hysteresis measurement
The polarization hysteresis curves for the samples as a function of the applied electric field are shown in Fig. 6 . The hysteresis loops for KNN compositions are shown in Fig. 6a and they indicate that good hysteresis curves could not be obtained for most of the samples. The remnant polarization (P r ) gradually decreases with increasing amount of BiT while the coercive field E C did not change significantly. The phase transformation from orthorhombic to pseudo-cubic with more BiT addition, the presence of pores in some of the SEM images and low density are possibly the reasons for the high leakage current and subsequent egg-shaped nature of some of the curves. Acceptable polarization hysteresis curves could not be obtained for all the KNNLT compositions (Fig. 6b) and the E C values decrease with increasing amount of BiT. When small BiT amounts are added to KNN ceramics, saturation polarization P S could not be obtained for the samples with 20 kV/cm while the P r is ∼25 C/cm 2 . As more amounts are added however, P S could be attained but the P r value reduces to ∼9 C/cm 2 . Although the density values increase and the diffraction patterns remained weakly tetragonal, few isolated pores on the micrograph could explain why there is moderately high leakage current during the measurement.
The hysteresis curves for KNNLST compositions as a function of the applied field is shown in Fig. 6c . Good polarization curves are obtained for almost all the KNNLST compositions. As the amount of BiT added increases, full saturation polarizationcould no longer be achieved a field of 20 kV/cm and more additions led to a decrease in the P r but the E C for most of the samples remains between 10 and 12 kV/cm. There is however no clearly defined trend with sample modification. The good nature of the loops obtained here can be traced to the base (KNaLi)(NbTaSb)O 3 composition which has been reported have one of the best piezoelectric properties [7] . For KNNLT compositions, the relatively improving d * 33 values with BiT addition up to 0.3 mol% can be related to the increase in the density, dielectric constant and resistivity respectively. As these values begin to decrease, the d * 33 also deteriorate. Although the diffraction patterns are tetragonal, density values improve and relatively good polarization hysteresis values were obtained with BiT additions, the measured d * 33 values decrease. This can be explained by the hard piezoelectric properties which the dopant imparts to an otherwise soft piezoelectric ceramic.
Conclusion
KNN-based ferroelectric ceramics modified with Bi 2 Ti 2 O 7 has been synthesized using high-throughput experimentation method . Addition of the dopant resulted in a slight increase in the obtained density values. Transformations in the X-ray diffraction patterns are observed with the addition of BiT to the KNN-based compositions. With BiT addition up to 0.3 mol%, the phase present in the KNN compositions is predominantly orthorhombic and with more doping, changes to a pseudo-cubic phase. On addition of more than 0.05 mol% of BiT to KNNLT compositions, there is a phase transformation from mainly orthorhombic to mainly tetragonal while for KNNLST compositions, the tetragonal phase is retained with up to 0.5 mol% of BiT added to the samples.
The SEM images without BiT addition show a unimodal grain size distribution with few pores at the grain boundaries. However, on addition of BiT to the samples, the average grain size decreases while the volume of pores slightly increases.
The dielectric constant values for all the KNN compositions increase with increasing BiT amounts while the dielectric loss values decrease. For all the samples, the loss tangent was between 0.025 and 0.06. The resistivity values for all the KNN-based samples did not significantly change with up to 0.25 mol% of BiT but increases with increasing BiT content up to 0.5 mol%. Good polarization hysteresis curves are obtained for some of the samples and the remnant polarization values for samples with good hysteresis curves are between ∼9 C/cm 2 and 25 C/cm 2 . In all cases, increasing the amount of BiT added led to a decrease in the remnant polarization but the E C is generally between 10-12 kV/cm. There is no significant effect of BiT on the d * 33 values (186 pm/V) for KNN compositions but for KNNLT samples, the values increase from 203 ± 7 pm/V at 0 mol% up to 275 ± 6 pm/V at 0.35 mol%. For KNNLST compositions, the d * 33 values decrease from 380 ± 14 pm/V at 0 mol% to 195 ± 13 pm/V at 0.5 mol%.
